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Introduction
The vicuñ a (Vicugna vicugna), one of two wild South American camelids, is limited to areas of extreme elevation between 91 30 0 and 29 0 S latitude in the Andes. Mitochondrial (mt) DNA sequence data indicate a divergence of at least two million years between vicuñ a and its wild (and more altitudinally flexible) relative the guanaco (Lama guanicoe; Stanley et al., 1994; Kadwell et al., 2001) . Palaeontological evidence suggests that the genus Vicugna evolved from Hemiauchenia in the lowlands east of the Andes as early as two million years ago (Webb, 1974; Harrison, 1979) , although a revision of some of this material led Menegaz et al. (1989) to conclude that the vicuñ a evolved from the guanaco at the beginning of the Holocene. Vicuñ a remains have been found at Tarija, in the Bolivian lowlands (Hoffstetter, 1986) , in strata dated to between 97 and 73 000 years before present (YBP) (MacFadden et al., 1983) as well as at Cueva Lago Sofia 4 and Tres Arroyos in Tierra del Fuego (Prieto and Canto, 1997) and at Cueva del Medio, Patagonia (Nami and Menegaz, 1991) in archaeological deposits dated to the Pleistocene/Holocene transition approximately 13 000 YBP. However, it was only during the last Pleistocene glacial advance in the northern dry Andes (18-221S) 14-12 000 YBP (Ammann et al., 2001; Kull et al., 2002) and the subsequent establishment of the Holocene climatic regime 12-9000 YBP that Vicugna moved into their present high elevation puna habitat (Wheeler et al., 1976; Hoffstetter, 1986) . In 1957, Koford (1957) calculated the total Andean vicuñ a population to be at most 4 00 000, including 2 50 000 in Peru. However, owing to uncontrolled hunting, by 1969 Grimwood (1969 reported that only 10 000 remained in Peru and 2 years later Jungius (1971) estimated a total of 5000-10 000 with another 2000 living in Bolivia, Argentina and Chile combined. However, with the introduction of protection and management for sustainable production of its highly prized fine fibre (Wheeler and Hoces Roque, 1997) , the vicuñ a has made a remarkable recovery. Over the last 20 years, it has climbed from endangered status in 1969 to vulnerable in 1972 (Thornback and Jenkins, 1982) to its current population size of B276 000 (Wheeler, 2006) . Two subspecies of vicuñ a are currently accepted, based largely on size differences. Vicugna vicugna vicugna (Molina, 1782) is said to occur between 181 and 291S and a second, smaller form, Vicugna vicugna mensalis (Thomas, 1917 ) between 91 30 0 and 181S. Separation of vicuñ a subspecies is currently based upon differences in morphology, including the length of molars (V. v. mensalis 45 mm, V. v. vicugna 57 mm), height of withers (V. v. mensalis 70 cm, V. v. vicugna 90 cm; Thomas 1917; V. v. mensalis 88.5 cm; Wheeler 1995) , length of chest hair and pelage color. Most important, the habitat they occupy is fundamentally different. Today, no glaciers exist in the Western Cordillera of the high Andes between 191 and 271S (Ammann et al., 2001; Kull et al., 2002) . This extremely arid belt, referred to as the 'Dry Diagonal', crosses the Andes from NW to SE in the transition zone between the southern hemisphere tropical and westerly wind belt circulation systems, which produce summer precipitation north of 231S and winter precipitation south of 271, respectively (Ammann et al., 2001; Kull et al., 2002) . The Dry Diagonal today receives virtually no precipitation and no glacial formation takes place even on the highest peaks. During the last glaciation of the northern dry Andes (18-221S) (14 000-12 000 years ago), there was increased austral summer precipitation (at least double the present) and depressed snowlines by 700-1000 m (Sharma et al., 1995; Ammann et al., 2001; Kull et al., 2002) . South of 231, precipitation decreased and only weak glacial features are found in the Dry Diagonal to 271S. Late Pleistocene glacial records indicate a steeper gradient between the southern glaciers and the Dry Diagonal than exists at present (Ammann et al., 2001; Kull et al., 2002) . Climatic changes associated with the last glacial advance in the northern dry Andes led to the formation of massive palaeolakes, most probably without a decrease in temperature (Clayton and Clapperton, 1997; Ammann et al., 2001; Kull et al., 2002) and are thought to have increased the available pasturage for camelids.
Today, vicuñ a can be divided into those larger populations inhabiting moist puna at high elevations, north of the Dry Diagonal, which loosely conform to the taxon described as V. v. mensalis and smaller, relatively isolated populations inhabiting dryer lower elevation puna within the Dry Diagonal (Ammann et al., 2001; Kull et al., 2002) , which may correspond to V. v. vicugna. However, the genetic structure of the vicuñ a along the Andean chain, including the effect of the Dry Diagonal on ecotypic differentiation, has yet to be tested.
To date, our knowledge on the genetics of this species is limited to a few studies. They have documented its phylogenetic relationships and domestication using mtDNA and microsatellite markers (Stanley et al., 1994; Kadwell et al., 2001; Palma et al., 2001) , its molecular evolution (Lin et al., 2001; Maté et al., 2004) , the variability in allozymes (Norambuena and Paredes, 2003) and the phylogeography and population genetics of wild populations across Chile and Bolivia (Sarno et al., 2004) . Here, we present a geographically comprehensive assessment of the molecular diversity of the species, focusing on the mtDNA CR. We aim to reveal aspects of the range-wide phylogeographic structure, including the effect of biogeographical barriers such as the Dry Diagonal and to assess the current taxonomic designations.
Materials and methods
Two hundred and sixty-one samples were collected between 1994 and 2004 for 18 populations currently designated as V. v. mensalis in Peru and from six populations in Chile and five populations in Argentina currently designated as V. v. vicugna (Figure 1 ; Table 1 ). Samples comprised skin (n ¼ 12), blood (n ¼ 246) and faeces (n ¼ 3). Samples were collected and exported for analysis (CITES permits 6282, 4222, 6007, 5971, 0005177, 0005178, 023355, 022967 and 022920) and imported to the UK (permits 269602/01, 262547/02). Total genomic DNA was isolated from blood and skin samples using a standard phenol chloroform extraction method following digestion with proteinase K (Bruford et al., 1998 The left domain of the mitochondrial CR (385 bp) was amplified using the camelid and vicuñ a-specific primers (Marín, 2004) . Amplification was performed in 50 ml with B30 ng genomic DNA, 1 Â reaction buffer (8 mM Tris-HCl (pH 8.4), 20 mM KCl (InvitrogenGibco, Life Technologies, Invitrogen Ltd., Paisley, UK), 2 mM MgCl 2 , 25mM each of deoxyguanosine triphosphate, deoxyadenosine triphosphate, deoxythymidine triphosphate and deoxycytidine triphosphate, 0.5 mM each primer and 0.1 U/m Taq polymerase (InvitrogenGibco, Life Technologies). Thermocycling conditions were: 951C for 10 min, followed by 30-35 cycles of 941C for 45 s, 621C for 45 s, 721C for 45 s, then 721C for 5 min. PCR products were purified using the GeneClean Turbo for PCR Kit (Bio101) following the manufacturer's instructions. Products were sequenced in forward and reverse directions using BigDye chemistry on an ABI Prism 377 or 3100 semiautomated DNA analyser. Sequences were trimmed to 328 bp beginning at the 5 0 left domain of the d-loop. SEQUENCHER v.3.02 (Genecodes, Gene Codes Corporation, Ann Arbor, USA) was used to align forward, reverse and consensus sequences and the alignments were rechecked by eye. Genetic variation within populations was first assessed by haplotype (h) and nucleotide diversity (p) using Arlequin v.2.000 (Schneider et al., 2000) . Molecular variance among populations and countries and between biogeographic regions (ecotype) and subspecies was analysed by nested analysis of molecular variance (AMOVA) using Arlequin v.2.000. Phylogenetic relationships among haplotypes were examined using PAUP v.4.0b10 (Swofford, 2001) . The optimal evolutionary model for the data (HKY þ I þ G corrected, where Àln L ¼ 711.4193; I ¼ 0.8250; G ¼ 0.8009; T i /T v ratio ¼ 24.748) was identified using hierarchical likelihood ratio tests using Modeltest v3.06 (Posada and Crandall, 1998) . This model provided distance data for neighbour-joining analysis (2000 bootstrap replications). Statistical parsimony networks were constructed. TCS (Clement et al., 2000) was used with a 95% connection limit to construct the networks for the haplotypes.
Mismatch distributions were produced using Arlequin v.3.000 (Excoffier et al., 2005) to test for evidence of demographic and spatial (demic) expansion (e.g., Ray et al., 2003) and this analysis was augmented using the coalescent-based neutrality estimators, Fu's F S (Fu, 1996) and Tajima's D (Tajima, 1989) , estimated in Arlequin v.2.000 (Schneider et al., 2000) and the point estimator y W (Watterson, 1975) was calculated in DnaSP 3.0 (Rozas and Rozas, 1999) . This value was applied as the starting parameter for MCMC simulations in Fluctuate 1.4 (Kuhner et al., 1998) to generate maximum likelihood estimates for y (y g ¼ var ) together with the growth parameter g. Parameter estimation was stabilised by conducting 10 short MCMC chains of 4000 steps each and five long chains of 4 00 000 steps each, with a sampling increment of 20. Three independent runs were conducted.
Results
Three hundred and twenty-eight base pairs of sequence of the left domain of the mitochondrial CR was generated from 261 samples ( Table 2) . A total of 28 variable sites, comprising two transversions, 25 transitions and one insertion/deletion defined 34 haplotypes (GenBank Accession numbers AY535255-AY856270). Haplotype (h) and nucleotide diversity (p) is detailed in Table 3 . Haplotype diversity was found to be high in the species as a whole (0.766370.0247) and also when the data are divided into northern (ostensibly V. v. mensalis) and southern (V. v. vicugna) groups (0.735070.0269 and 0.903170.0362, respectively). Overall nucleotide diversity was 0.011970.0066. Low nucleotide diversity was found in the northern vicuñ as (0.008270.0049) although this was higher for southern populations (0.025370.0135), suggesting that these groups may have contrasting demographic histories. Further subdivisions based on biogeographic region (i.e., potential ecotypes situated within or outside of the Dry Diagonal) supported this supposition. High haplotype diversity coupled with low nucleotide diversity was evident for populations living outside the Dry Diagonal (0.754070.0257; 0.009970.0057, respectively) with even higher haplotype diversity but also considerably higher nucleotide diversity within it (0.875870.0610; 0.026570.0144, respectively). AMOVA revealed significant (Po0.001) genetic differentiation when populations were grouped by subspecies and biogeographic region (ecotype) and when V. v. mensalis populations were grouped by country (but not V. v. vicugna). For all analyses, the highest variance component was found within populations (explaining between 51.68 and 98.30% of the variation, data not shown). However, AMOVA based on subspecies (ecotype) was also significant, accounting for 50.49% of the variation, as was the analysis based on groups defined by biogeographic region, which accounted for 38.43% of the variance.
The unrooted NJ tree (Figure 2 ) using the optimal evolutionary model (see Materials and methods) strongly supported the separation of northern and southern populations. This topology was also consistent with the mtDNA cytochrome b gene phylogeny (not shown). The shallow branches particularly within the northern (mensalis type) group further supported a rapid demographic expansion scenario and little or no branching structure could be detected. On inspection, some degree of geographic structure was apparent in both the tree and network, where haplotypes from adjacent geographic locations generally clustered together.
The network of CR sequences (Figure 3) shows the genealogical relationships among the 34 haplotypes connected through a maximum of 24 mutational steps. A single dominant haplotype (V3) was observed for northern vicuñ as from which related sequences were separated by one or two mutational steps. This principal haplotype was shared among populations throughout the northern group, including the range of V. v. mensalis, but also included six individuals of the southern type (V. v. vicugna) from Argentina and Chile -all of which were sampled within the dry diagonal. The uniformity of mitochondrial haplotypes across a large geographic range provided further support for a past demographic expansion for the northern populations, but the presence of southern individuals (including V. v. vicugna) in this group was unexpected and may be the result of incomplete lineage sorting or, less likely, because of past translocation of animals. Within the network, southern haplotypes were more disparate and none are dominant, a pattern more indicative of small groups surviving in isolated populations.
The mismatch distributions for the northern populations (t ¼ 5.297; y 0 ¼ 0.001; y 1 ¼ 2.827; SSD ¼ 0.028; P ¼ 0.47) and the whole data set (t ¼ 13.297; y 0 ¼ 0.012; y 1 ¼ 3479; SSD ¼ 0.024; P ¼ 0.82) were consistent with a model of a rapidly expanding population, but the southern population result was not (t ¼ 11.90; y 0 ¼ 0.003; y 1 ¼ 22.588; SSD ¼ 0.077; P ¼ 0.002). The north- Haplotype 1 1 1 1 2 2 2 2 2 2 Taxon Population N Total ¼ 261 2 9 1 1 1 1 2 2 3 3 5 6 6 6 6 6 8 7 8 9 9 1 1 1 2 6 7 3 5 6 9 8 9 1 8 9 0 4 7 8 9 4 4 1 1 5 1 7 8 9 3 0 ern population, however, showed a multimodal pattern which was not expected with sudden expansion from a non-subdivided population, rather with spatial diffusion between adjacent demes (Ray et al., 2003) and yielded the parameters for this model (Excoffier, 2004) The point estimators p and y w were similar across all population groups, except for northern populations as a whole and those outside the Dry Diagonal and Peru (which only contains V. v. mensalis sequences), where p were considerably lower than for other groups. This suggests that only these populations have changed substantially in size over time (Table 3 ). The population growth parameter (g) strongly supported historic population expansion, not only of the whole data set, but also of subpopulation groupings based on biogeographic region, subspecies or country. However, it was clear that the most significant expansion was in the Peruvian populations. In addition, Fu's test for neutrality indicates population expansion for the complete data set (F S ¼ À11.13, P ¼ 0.004) and for the populations outside the Dry Diagonal (F S ¼ À7.734, P ¼ 0.05). Negative F S values were also obtained for northern and southern groupings, but these values were not significant. No population groups appear to show signatures of demographic contraction.
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Discussion
Genetic diversity and phylogeography The vicuñ a as a whole displays a high degree of mitochondrial diversity at the haplotype level with 34 haplotypes from 328 bp of CR sequence (h ¼ 0, 766370.0247) and displays a correspondingly low nucleotide diversity (0.011970.0066). The same pattern of diversity is evident for subspecies, countries and biogeographic regions (ecotypes). Further examination of these results reveals that the southern populations (and those within the Dry Diagonal) are more diverse than those in the north (Figure 4) . The lower diversity in northern populations, coupled with the presence of a dominant and widespread haplotype indicates that the northern populations have undergone a rapid demographic expansion. However, the population history of southern vicuna appears different. The levels of diversity in vicuñ a are in general comparable with those in other montane ungulates (chamois h ¼ 0.000-0.705, p ¼ 0.000-0.1571; Schaschl et al., 2003; Mongolian sheep p ¼ 0.01-0.03; Tserenbataa et al., 2004) . In comparison with other taxa, these results broadly agree with those of Sarno et al. (2004) (V. v. mensalis h ¼ 0.110-0.395, p ¼ 0.002-0.002 and V. v. vicugna h ¼ 0.209-0.524, p ¼ 0.005-0.008 ), but when we compare the results for vicuñ a, our data show higher average levels of both haplotype and nucleotide diversity, except within Chile where the results are similar. This could be because of the larger number of samples included in our study. However, both data sets report higher levels of diversity within V. v. vicugna compared with V. v. mensalis. AMOVA analyses also strongly support population groupings that correlate with currently defined subspecies (50.49% of the variation) and geographic origin (ecotypes 'in' or 'out' of the Dry Diagonal; 38.43%); however, little variance was explained by population subdivision within 'subspecies' (9.94%) or by subdivision among countries (13.31%). This finding contrasts with the results of Sarno et al. (2004) , who reported no significant differentiation between subspecies, but again this could be owing to differences in sample sizes between the two data sets. The distinction between northern and southern populations is further evidenced by the phylogenetic tree and haplotype network ( Figures  2 and 3, respectively) , although reciprocal monophyly is not observed between subspecies. High divergence is seen between, but little structure is observed within, northern and southern groups, with a high degree of mixing of haplotypes from different locations.
Demographic history
There is strong molecular support for the validity of two groups in vicuñ a, with a larger proportion of the variance being explained by following current subspecies designation as opposed to ecotype. However, both values are significant and the two hypotheses are not mutually exclusive. Indeed, the patterns seen may not relate directly to divergence in isolation (vicariant speciation) or adaptive divergence, but may simply reflect the demographic history of the species as a whole, with incomplete lineage sorting or possibly resulting from rare dispersal events (e.g., Madison and Knowles, 2006; Tolley et al., 2006) .
Consideration of the overall, high haplotype diversity, relatively low nucleotide diversity, negative Fu's F S values and positive g statistics indicate that the species as a whole has undergone a rapid demographic expansion. The presence of a large dominant haplotype (V3) possibly represents an ancestral lineage, since older haplotypes are expected to have a wider geographic range and frequency (Templeton et al., 1995) compared with those which are more recent (but see Paulo et al., 2002) . This haplotype is predominant in the northern populations, whereas the distribution of southern haplotypes is more disparate. When the groups are considered separately, we observe subtly different signatures of population history. It is clear from the results in Table 3 , the shallow phylogenetic tree, haplotype network and from mismatch distributions (not shown) that northern vicuñ as have expanded to a greater extent than those in the south, whose populations show much weaker signatures of demographic expansion. Population expansion is most likely to be consistent with a late Pleistocene recolonisation event.
The effects of climatic oscillations and their influence on the distribution of the premontane and montane grassland utilised by vicuñ a are likely to have had a significant effect on the distribution of vicuñ a populations and patterns of genetic diversity. In South America, the Pleistocene glaciation was milder and more restricted than in the northern hemisphere, occurring only in the Andes (Clapperton, 1993) , where the Late Glacial stage began 19-14 000 and ended 11-10 000 YBP (Dillehay, 2000) . In addition, Andean glaciation is correlated with the amount of available moisture rather than a fall in temperature (Clayton and Clapperton, 1997; Ammann et al., 2001; Kull et al., 2002) , leading to palaeolake transgressions and an increase in suitable grassland habitat. Fossil remains of vicuñ a from dates before the Pleistocene/Holocene transition have only been found at palaeontological localities in the lowlands east of the Andes, where vicuñ a apparently evolved from Hemiauchenia approximately 2 million years ago (Wheeler, 1995) . Archaeological excavations have produced a few vicuñ a remains at sites from Tierra del Fuego (Prieto and Canto, 1997) , Patagonia (Nami and Menegaz, 1991) and northern Paraguay (Ubilla, 2004) , reflecting previous widespread lowland distribution between 13 000 and 10 000 YBP. Nonetheless, the earliest high-elevation occupations in central Peru reflect massive presence of vicuñ a in the centre of the moist puna by 10 000 YBP (Wheeler, 1995) , indicating the expansion of this species into this area as documented by the DNA data. The presence of a Dry Diagonal belt between 241 and 291S (Ammann et al., 2001; Kull et al., 2002) delimits the present day distribution of the southern vicuñ a ecotype and it is possible that at the end of the Pleistocene period these dry-adapted vicuñ a populations surviving in refuges within the Dry Diagonal became contained, unable to expand beyond it limits. Increased precipitation to the north of the arid belt during the late Pleistocene was associated with an increase of available grassland (Ammann et al., 2001; Kull et al., 2002) and would have supported the expansion of populations in the north. The Dry Diagonal is likely to have prevented southern expansions of northern, moist puna-adapted forms and the northern expansion of southern, dry puna-adapted forms resulting in the two potentially ecotypic groups that are evident today.
Implications for conservation
The results from mtDNA analyses support the existence of a northern and southern vicuñ a taxa/ESU differing in morphological and genetic traits. Consideration of past climatic events suggests a long geographic separation of these two forms resulting in their contrasting demographic histories. Consequently, we suggest that these two subspecies should be managed separately to preserve their local adaptations. On these grounds, we predict that intermediate populations might exhibit lower fitness than those further north and south. Additional analyses at nuclear loci microsatellites will provide increased resolution on the genetic differentiation among these populations.
